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ISSUE: In the past, hydrogen sulfide has not 
been treated as a contaminant of concern; but 
because it can exert toxicity effects, based on 
whole sediment and elutriate toxicity tests, the 
potential of hydrogen sulfide toxicity was 
evaluated. 

RESEARCH: To evaluate the potential of 
hydrogen sulfide toxicity in dredged material 
bioassays, a literature review and survey were 
conducted. Data collected included pore water 
exposure concentrations and effects 
concentrations of laboratory studies. 

SUMMARY: The comparison of reported 
exposure and effects concentrations suggests a 

strong potential for hydrogen sulfide toxicity in 
dredged material bioasssays. 
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1 Purpose 

Hydrogen sulfide (H2S) is a highly toxic, naturally occurring constituent of 
sediment pore water. It is not treated as a contaminant of concern for the 
regulatory evaluation of dredged material since it undergoes rapid oxidation 
and dilution during dredging and disposal. However, because dredged material 
is evaluated using effects-based testing (i.e., whole sediment and elutriate tox- 
icity tests), there is the potential for H,S to exert toxicity and confound the 
regulatory decision-making process. This report evaluates the potential for 
hydrogen sulfide toxicity in dredged material bioassays. 
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2 Approach 

To characterize the potential for hydrogen sulfide toxicity in dredged mate- 
rial bioassays, two types of information are required: (a) exposure concentra- 
tions (i.e., concentrations of hydrogen sulfide reported for sediment pore water) 
and (b) effects concentrations (i.e., levels of hydrogen sulfide shown to induce 
adverse effects in aquatic species). To collect exposure information, an exten- 
sive literature survey was conducted of published pore water concentrations of 
hydrogen sulfide. In addition, information was requested on pore water con- 
centrations of hydrogen sulfide associated with dredged material from every 
United States Army Corp of Engineers (USACE) Division and District. Infor- 
mation on exposure concentrations included reported concentration units, asso- 
ciated physical/chemical parameters (e.g., salinity, grain size, and total organic 
carbon), depth of sediment collection, and methods of pore water collection 
and analysis. Literature was also reviewed for concentrations of hydrogen 
sulfide shown to produce adverse effects in laboratory studies with aquatic 
species. This effects information included end point (e.g., lethality, growth, 
and reproduction), the concentration resulting in lethality or other effects in 
50 percent of the test organisms (i.e., the LC, or EC,,, respectively), the no 
observable effects concentration (NOEC), and the lowest observable effects 
concentration (LOEC) reported. 
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3 Background 

Environmental Distribution 

Hydrogen sulfide results from bacterial reduction of sulfates and the 
putrefaction of proteins. Hydrogen sulfide is associated with hypoxic environ- 
ments (e.g., dissolved oxygen cl.0 mg/Q) and rapidly oxidizes under aerobic 
conditions (Bagarinao 1992). Sewage, naturally decomposing organic matter, 
and some industrial wastes (e.g., effluent from pulp mills, tanneries, and chem- 
ical plants) are major sources of sulfides (U.S. Environmental Protection 
Agency (USEPA) 1986). Unionized hydrogen sulfide (H2S) occurs in intersti- 
tial waters where it exists in equilibrium with the hydrogen sulfide anion (HS) 
and the bisulfide anion (S=). The ratio of these three forms is a function of 
pH, temperature, and ionic strength (Goldhaber and Kaplan 1974; Millero, 
Plese, and Femandez 1988). 

Toxicity 

Hydrogen sulfide is a metabolic poison that is lethal to most invertebrates 
at concentrations co.1 mM/Q (Colby and Smith 1967; Oseid and Smith 
1974a,b; Smith et al. 1976a; Thompson et al. 1991; Knezovich et al. 1994). 
The toxicity of hydrogen sulfide results primarily from the undisassociated H,S 
molecule that freely diffuses across membranes (National Research Council 
1979; Pearson and Rosenberg 1978; Bagarinao 1992). At pH 7, H,S and HS 
predominate. Decreasing pH, dissolved oxygen, and/or increasing temperature 
increases the proportion of undisassociated H,S and enhances toxicity (Theede 
1973; USEPA 1986). 

Hydrogen sulfide exerts its toxicity by forming sulfides with the active 
groups of different metalloenzymes and blood pigments (e.g., the Fe compo- 
nent of cytochmme oxidase can be tied up as a sulfide, thereby interrupting 
cellular respiration) (Miron and Kristensen 1993). Some organisms, especially 
benthic invertebrates, are extremely tolerant of H,S and will preferentially 
select sulftdic habitats (Meyers, Powell, and Fossing 1988; Powell, Crenshaw, 
and Rieger 1979). Other aquatic animals are able to tolerate sulfidic condi- 
tions for short periods of time (Theede et al. 1969; Baird, Wilson, and Miliken 
1973; Bagarinao and Vetter 1989). There am also some animals that respond 
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behaviorally to avoid (e.g., tube building) or escape sulfidic conditions. Some 
animals that tolerate sulfidic conditions have been shown to possess physiolog- 
ical mechanisms to immobilize H,S via sulfide-binding proteins or persulfides. 
Bound sulfides are then removed by excretion and/or detoxified (Powell, 
Crenshaw, and Rieger 1979; Arp and Childress 1983; Powell and Somero 
1983; Bagarinao and Vetter 1989; Bagarinao 1992). 

Sample Collection and Analytical Techniques 

There are a number of methods for the collection and analysis of H,S in 
sediment pore water. The three most common methods are centrifugation, 
squeezing, and the use of in situ diffusion samplers. With the centrifugation 
method, aliquots of sediment are centrifuged usually at low speed (e.g., 
1,800 x g) for a set period of time (usually 15-30 min). Following centrifuga- 
tion, pore water is decanted. The squeezer method uses a hydraulic or pneu- 
matic collection device to squeeze an undisturbed sediment sample (core) 
under pressure, forcing pore water from the sediment through a filter mem- 
brane into a collection vessel. Diffusion samplers rely on diffusion over time 
through semipermeable membranes of a container placed directly in the sedi- 
ment. Other collection methods include use of syringes, “sippets,” and pipette 
samplers. These methods involve inserting a collection device into the sample 
and extracting the pore water through a filter under vacuum. Since HzS 
rapidly oxidizes in the presence of oxygen, samples must be extracted under 
hypoxic conditions, analyzed as soon as possible, and preferably collected and 
stored under anoxic conditions (i.e., replacing oxygen with nitrogen or an inert 
gas such as argon). 

Three commonly used methods for the chemical analysis of sulfide in water 
include a spectrophotometric procedure using methylene blue, iodometric titra- 
tion, and a potentiometric method. The methylene blue method (allows for 
short-term storage of samples prior to analysis) is used for concentrations up to 
580 @/Q (20 mg/Q) total sulfide. Samples with higher concentrations must 
be diluted prior to analysis. Photometric determinations are made with a spec- 
trophotometer. The iodometric titration method is recommended for freshly 
collected samples with concentrations of total sulfide >30 PM/Q (>l mg/P). 
This method requires samples that are free of interferences (e.g., thiosulfate, 
sulfite, iodine, and various organic and soluble substances). A third method, 
the potentiometric method, uses a silver electrode and a reference electrode to 
determine total sulfide concentration (American Public Health Association 
(APHA) 1985). Several useful qualitative techniques include the use of lead 
acetate paper or silver foil that becomes progressively darker with increasing 
concentrations of H,S. The antimony test gives a yellow color if total sulfide 
concentrations of >1.47 j&l/Q (>0.5 mg/Q) are present. 
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4 Exposure Data 

Pore water concentrations of hydrogen sulfide were obtained from 25 publi- 
cations covering 50 sites in freshwater, estuarine, and marine environments 
around the world. No pore water concentrations of hydrogen sulfide were 
reported by USACE Divisions and Districts, and only a single study (Moore 
and Dillon 1993) reported hydrogen sulfide concentrations for dredged mate- 
rial. Sample locations are shown in Figure 1. 

Chapter 4 Exposure Data 

Figure 1. Location of sediment pore water samples reported in the literature 
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A summary of hydrogen sulfide concentrations reported for sediment pore 
water is given in Table 1. Because of discrepancies in how concentrations 
were collected, analyzed, and reported, the term hydrogen sulfide is used to 
refer to total sulfides (i.e., H,S + HS + S=) throughout this report. Hydrogen 
sulfide concentrations reported for three freshwater sites (i.e., salinity <l ppt) 
ranged from 0 to 293 pM H,S/Q. In estuarine systems (i.e., salinity = 1 to 
30 ppt), reported concentrations of hydrogen sulfide were much higher, rang- 
ing between 0 and 10,000 pM H,S/Q. At the marine sites (i.e., salinity 
~30 ppt), reported hydrogen sulfide concentrations ranged from 0 to 
79,CXlO pM H,S/Q. A study by Boulegue, Lord, and Church (1982) reported 
pore water hydrogen sulfide concentrations (0.1 to 5.06 pM H,S/Q) for a 
hypersaline site (salinity ~35 ppt). 

Most documents reported quantitative grain-size classification (e.g., sand, 
silt, and clay) only. Based on this limited descriptive information, there did 
not appear to be a relationship between the sediment grain size and elevated 
levels of hydrogen sulfide. 

Eleven of the twenty-five studies reported total organic carbon (TOC). In 
general, higher concentrations of H,S were associated with TOC values of 2 to 
10 percent, while lower concentrations were associated with TOC values of 
less than 1 percent (see Table 1). 

Many of the studies reviewed reported pore water hydrogen sulfide concen- 
trations as a function of sediment depth. For data reported in this way, there 
was a trend toward increasing hydrogen sulfide concentration with increasing 
sediment depth. 

Sulfide concentrations have been shown to vary temporally. Seasonally, 
sulfide concentrations have been shown to fluctuate with allochthonous, 
organic enrichment and sulfate reduction being lower in winter and higher in 
the summer and fall (Hines, Knollmeyer, and Tugel 1989; Luther et al. 1986; 
Bagarinao 1992). 

The most commonly used method for pore water collection was by centrifu- 
gation (i.e., 19 of 40 samples for which a method was reported). The spectro- 
photometric method (i.e., calorimetric-methylene blue) was the most frequently 
used method of analysis (i.e., 23 of 49 samples for which a method was 
reported). 

6 
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5 Effects Data 

Effects concentrations of hydrogen sulfide in aquatic organisms were 
obtained from 20 publications for 18 freshwater (i.e., 7 invertebrates and 
12 fish) and 14 marine species (i.e., 12 invertebrates and 2 fish). Nearly all of 
the studies reviewed (19 of 20) examined effects of H,S using aqueous expo- 
sure (i.e., no sediments). Data are summarized in Table 2. 

Freshwater invertebrates showed effects on survival, growth, and/or repro- 
duction at concentrations between 0.1 to 30 uM H,S/Q. Reported effects on 
survival, growth, reproduction, percent normal development, and/or other 
physiological responses for freshwater fish were found at concentrations 
between 0.2 and 260 @I H,S/Q. 

In general, marine organisms appeared to be more tolerant of H$ compared 
with freshwater species. Effects on survival, growth, reproduction, percent 
normal development, and/or other behavioral/physiological responses in marine 
invertebrates were found at concentrations between 2.9 and 1,470 pM H,S/P. 
Bagarinao and Vetter (1989) reported survival effects concentrations ranging 
from 525 to 7,000 @I H,S/Q for two species of marine fish with survival as 
the end point. 

Chapter 5 Effects Data 
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6 Discussion 

A simple comparison of Table 1 with Table 2 indicates that effects concen- 
trations are on average several orders of magnitude lower than reported envi- 
ronmental pore water concentration of H,S. In an attempt to quantify this 
difference, both exposure and effects data were plotted as cumulative 
probability curves (Figure 2). Effects data were plotted using either the 
LCSO/ECSO concentration or preferentially the LOEC if available. This figure 
allows a direct comparison of effects and exposure data. The likelihood (i.e., 
probability) of any particular concentration along these curves can be deter- 
mined by noting the corresponding “y” value for that concentration. For 
example, this figure indicates that 90 percent of reported effects occurred at 
concentrations 400 pM H,S/Q (see arrows intersecting effects curve, Fig- 
ure 2), while the majority (>55 percent) of the reported environmental expo- 
sure concentrations were >lOO @I H,S/Q (see arrows intersecting exposure 
curve, Figure 2). Without further caveats, this would suggest a strong poten- 
tial for hydrogen sulfide to cause widespread toxicity in many sediments. 
However, there are a number of potential biases in this limited data set that 
must be considered prior to reaching such a conclusion. 

Because it is difficult to collect and analyze samples for H,S, it is likely 
that most of the reported pore water concentrations have been collected from 
areas where the presence of hydrogen sulfide is strongly suspected. Many of 
the sediment samples in Table 1 am from organically enriched and at least 
intermittently anaerobic environments (e.g., marsh sediments). Consequently, 
the data in Table 1 may tend to overestimate the concentration of pore water 
H,S concentrations in aquatic or marine environments and exaggerate the 
potential risk of toxicity. 

Secondly, even if the data in Table 1 and Figure 2 are reflective of natu- 
rally occurring concentrations of H,S, organisms are not continuously exposed 
to these concentrations. A simplistic comparison of effects and pore water 
exposure concentrations is somewhat misleading. Only Thompson et al. 
(1991) reported exposing test organisms to sediments with adjusted pore water 
concentrations of H,S. Most of the studies cited in Table 2 considered only 
aqueous exposures. Fish (freshwater and marine) generally do not come into 
contact with undiluted pore water. The only time fish may come in contact 
with H,S in dredged material toxicity testing is during elutriate tests designed 
to evaluate the transient water column effects of dredged material disposal. 
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Figure 2. Probability distribution for biological effects concentrations (PM H,SIP) and environ- 
mental sediment pore water exposure concentrations (PM H,S/Q) reported in the 
literature 

During elutriate tests, whole sediment is slurried with dilution water in a 
1:4 volume ratio (sediment:water) and allowed to settle; exposures are prepared 
from the resulting overlying water. Even in these tests, the risk of H,S 
toxicity is probably small because of dilution and rapid oxidation of H,S (since 
these tests are conducted under oxygenated conditions). 

Whole sediment tests axe usually conducted with benthic infaunal inverte- 
brates. Many of these animals (e.g., polychaetes and amphipods) are tube 
builders that circulate oxygenated overlying water through their burrows, sub- 
stantially reducing or even eliminating exposure to pore water H2S. In addi- ’ 
tion to behavioral adaptations, many of these animals have also developed 
physiological mechanisms to eliminate or detoxify H2S (for a more complete 
discussion of sulfide tolerance and other adaptations limiting exposure to H,S, 
see Bagarinao 1992). 

, “ . .  “ I  

The sheer diversity of information and lack of comparability among data 
sets reviewed during this study (i.e., differences in collection, analysis, and 
reporting of data) make estimating the potential risk of pore water H$ toxicity 
in sediment bioassays problematic. To provide a more certain estimate of the 
potential risk of pore water H,S toxicity in dredged material bioassays, it 
would be necessary to begin collecting effects information in a way that 
reflects probable exposure (i.e., via sediment pore water). Accuracy of 
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exposure information could be enhanced (i.e., respective of the purpose of this 
review) through the routine collection and analysis of dredged material pore 
water for H,S by the USACE. Until this information becomes available, the 
assumption must be made on the basis of this review that sediment pore water 
H,S represents a potentially significant toxicant in dredged material bioassays. 

10 
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